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Advantages of enzyme immobilization: 
•  Enzyme can be recycled 
•  Improved stability 
Disadvantages of enzyme immobilization: 
•  Lower specific activity (harsh conditions) 
•  Accessibility of active site 
Enzymes are expensive! 
Stability/inactivation 
Methods of immobilization: 
•  adsorbtion (insoluble particles, membranes…). Mild conditions. 
•  entrapment (gels, microspheres, cartridges). Mild conditions. 
•  covalent linkage (nylon, glass, resins…): Harsh conditions. 
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Immobilization by entrapment. Enzyme-containing fibers. 
Dinelli et al., 1976, Methods in Enzymology, 44: 227-243  
•  A polymer suitable for fiber production is dispersed in organic solvent (water-immiscible) 
•  Addition of aqueous enzyme solution, emulsion preparation 
•  Transfer of the emulsion to a solvent able to trigger coagulation (formation of fibers) 
•  The pores of fibers let the substrate (product) diffuse in (out) 
•  Enzyme is confined to the internal compartment of fibers and cannot diffuse out 
•  Reaction rate can be affected by diffusion of substrate and/or product 
•  The enzyme is subjected to a mild treatment: retention of activity. 
•  The amount of enzyme entrapped depends on the stock enzyme  concentration and on the 
   water content attainable by the emulsion. 
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Preparation of enzyme-containing fibers 
Emulsion 
P 
P diameter: 
0.08-0.125 µm 
Roller D2: 
reel of fibers  
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Preparation of enzyme-containing fibers. Polymer: cellulose triacetate. 
•  200 mg of cellulose triacetate in 2.1 mL of methylene chloride 
•  Stirring (gently) at room temperature to dissolve the polymer 
•  Cooling to 0 °C 
•  Addition of 400 mg of enzyme (invertase) 
•  Stirring set to 900 r.p.m. (to obtain an emulsion) for 5 minutes 
•  Removal of stirrer and stopping the flask 
•  Standing at 0 °C for 20 minutes to degas 
•  Apply pressure (0.7 atm) with a nitrogen cylinder 
•  Coagulation in toluene 
•  Winding up the coagulated fibers with the D2 roller (60 r.p.m.) 
•  Cleaning fibers from organic solvents 
•  Fibers can be trimmed into shorter pieces   
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Centrifugal reactor 
•  Loading the fibers in water solution 
•  Packing the fibers by rotating the inner shaft 
•  1 g of fibers can be accomodated 
•  Transfer of reactor in substrate solution   
Advantages: 
•  Diffusional control of reaction rate is limited 
•  Removal of reaction mixture at the end of  
   process 
•  Continuous reactor 
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Entrapped enzyme Units 
•  2 g of invertase solution added to 1 g of cellulose triacetate 
•  2 g of enzyme solution contain 6140 Units (U = 1 µMole / min, 25 °C) 
•  Activity of 1 g of fibers equal to 1840 U 
•  Immobilization yield: 1840/6140 = 30 %  
Immobilization yield depends on stock enzyme concenration 
Enzyme Loaded Activity (U) Observed Activity (U) 
Invertase 6140 1840 (30%) 
Penicillin acylase 25000 8750 
Glucose isomerase 1100 440 (40%) 
W synthetase 4100 3030 (74%) 
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Covalent immobilization. What residues of a protein ar reactive? 
•  Amino group (lysine, N-terminus) 
•  Sulfhydryl (cysteine) 
•  Carboxyl (apartate, glutamate, C-terminus) 
•  Phenolic (tyrosine) 
•  Guanidino (arginine) 
•  Imidazole (histidine) 
•  Disulfide (cystine) 
•  Indole (tryptophan) 
•  Thioether (methionine) 
•  Hydroxyl (serine, threonine) 
Relative abundance? 
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∆G of transfer from water to ethanol: 
- 0.04 kcal / Mol 
- 0.44 kcal / Mol 
- 2.87 kcal / Mol 
- 1.30 kcal / Mol 
Unlikely exposed to solvent 
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Reaction of the enzyme as a nucleophile: NH2, S-, O- (R, K, D, E, C) 
S- is the most reactive. Stability of the covalent bond? 
                  Amide >> O-ester >> Thioester 
Lysine could be envisaged as the most important residue for immobilization 
pKa of lysine amino group = 10.79 
To attain maximal nucleophilicity, pH should be very high 
Immobilization can be conducted at a pH value representing a compromise 
between reactivity and non-denaturing conditions 
Enzymes “remember” the pH at which they were covalently immobilized 
            Variants can be engineered to facilitate the immobilization 
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Sephadex, Sepharose…: 
dextran-conaining polymers 
Reaction with cyanogen bromide 
conducted at high pH 
Buffered gel suspension or pH 
continuously adjusted (pH-stat) 
An adiacent hydroxyl can react 
with imido-carbamate. 
This  side-raction  cannot  be  
avoided.  
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Bi-functional coupling agents: glutaraldehyde. 
Enzymes can be covalently linked to nylon (a polyamide) with glutaraldehyde. 
Acidic pH 
Alkaline pH 
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Immobilization on nylon (a polyamide) 
•  nylon tube (3 m), inner diameter 1 mm  
•  the nylon is washed with 18.6 % CaCl2, 18.6 % H2O in methanol for 20 min at 50 °C 
•  secondary wash with water for 30 min at 5 mL / min, removal of amorphous nylon 
•  hydrolysis with 3.65 M HCl at 45 °C for 40 min at 2 mL / min 
•  wash with water for 12 h at 2 mL / min 
•  activation with glutaraldehyde (5 %, w/v) in 0.2 M borate pH 8.5 at 20 °C for 15 min 
  at 2 mL / min 
•  wash with 0.1 phosphate buffer (50 mL) pH 7.8 
•  addition of enzyme in phosphate buffer, incubation for 3 h at 4 °C 
•  wash with 0.5 M NaCl in phosphate buffer pH 7 ( 1 L) at 5 mL / min   
Primary reaction: nylon amino groups react with glutaraldehyde 
Secondary reaction: enzyme reacts with free aldehyde groups on nylon  
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Polyacrylamide gels 
•  Acrylamide  forms  a linear  polymer 
•  Bis-acrylamide bridges the acrylamide 
  chains 
•   Ammonium persulfate generates free 
   radicals: (SO4-) 
•   TEMED, tetramethylethylenediamine 
•   Double bonds are activated and the 
   polymer is formed 
Acrylamide 
N,N’-bisacrylamide 
Ammonium Persulfate TEMED 
TEMED 
Radical 
 
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Acrylamide N,N’-bisacrylamide 
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Copolymerization of acroylated enzyme 
The number of polyacrylamide-protein bonds depends on the extent of 
treatment of the enzyme with acrolein (time of incubation, [acrolein], T)    
E 
E 
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Acrolein 
•  Acrolein features a double C-C bond useful for polymerization 
•  Acrolein is an aldehyde. Amino group(s) of enzymes can attack 
   acrolein 
•  Lysines in a protein can be covalently linked to acrolein 
•  Acroylated enzyme can be added to a reaction mixture used 
  to prepare a polyacrylamide gel 
•  In case more lysines are acroylated, the enzyme will be linked 
   to polyacrylamide in different sites 
Does alkylation by acrolein alter the stability of an enzyme? 
Does the acroylated enzyme feature higher or lower activity than the natural catalyst? 
Modification to different degrees of alfa-chymotrypsin with acrolein: 
•  stability against thermal inactivation 
•  activity determined with N-acetyl-L-tyrosine ethyl ester 
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Does alkylation of an enzyme with acrolein affetc activity?  
Martinek et al., 1977, BBA, 485: 1-12 
Activity of alfa-chymotrypsin as a function of the acroylation extent 
Catalytic activity does not dramatically 
decrease upon modification by acrolein. 
After treatment with acrolein, enzyme 
is exposed to sodium borohydride. 
Alfa-chymotrypsin only exposed to 
sodium borohydride (no acrolein) 
features the same decrease in activity 
as the alkylated enzyme. 
Martinek et al., 1977, BBA, 485: 1-12 
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Titration of lysines with acrolein 
Copolymerization of acryloyl-enzyme in polymethacrylate gels 
Inactivation as triggered by treatment at 60 °C 
Chymotrypsin conatins 17 lysines 
Copolymerization decreases the 
inactivation rate constant by ca. 
three orders of magnitude when  
13-14 groups of the enzyme are 
acryloylated. 
Stabilization of chymotrypsin is 
due to acryloylation of basic 
residues and to the covalent 
attachment to the gel matrix.  
Martinek et al., 1977, BBA, 485: 1-12 
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Thermal denaturation at 60 °C 
Natural chymotrypsin is rapidly 
inactivated. The decay could be 
interpreted as obeying a first- 
order kinetics. 
Acryloylated enzyme withstands 
thermal denaturation. The decay 
could be described by a fast and 
a slow component. 
The immobilized enzyme is still 
active at 70-75 °C (one order of 
magnitude lower than the native 
enzyme at 35-45 °C).  
Martinek et al., 1977, BBA, 485: 1-12 
Modified enzyme 
Native enzyme 
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MRGSHHHHHHGSVDESM 
N C 
DLV 
AAAAKKSVDESL 
RRRRRRSVDESL 
RRRRKKSVDESL 
KKKKKKSVDESL 
5 different C-ter tags 
P24 capsid protein from HIV-1 (237 amino acids) 
N C 
N-ter hexahistidine tag 
Allard et al., 2001, Bioconjugate Chemistry, 12: 972-979. 
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Methyl Vinyl Ether 
Maleic Anhydride 
Copolymers: 
20 or 67 kDa 
(                    )n 
Maleic Anhydride 
Methyl Vinyl Ether 
MAMVE 
(                    )n 
NH2-ENZYME 
•  Polymer solubilized in anhydrous DMSO 
•  Protein in 50 mM phosphate buffer (pH 7.8) 
•  Immibilization: 3 h (37 °C) in 5 % DMSO 
IMMOBILIZATION 
Does the tag-type affect immobilization yield? 
MAMVE67: 67 kDa      MAMVE20: 20 kDa 
Coupling conditions: 
•  3 h in 50 mM Pi buffer, 37 °C 
•  [Protein]: 3.6 nM 
•  [MAMVE 67]: 75 pM 
•  [MAMVE20]: 0.25 nM 
[Protein]/[Polymer]: 
3.6/0.075 ≈ 50 (MAMVE67) 
3.6/0.25 ≈15 (MAMVE20) 
15-50 protein molecules per 
polymer 
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Does the postion of the tag affect immobilization yield? 
HHHHHH 
KKKKKK 
IMMOBILIZATION 
Immobilization yield (HIV-1 native protein features 11 Lysines): 
32 % 
13 % 
Tag position does not significantly affect immobilization yield (95-98 %) 
How does perform (ELISA) the protein immobilized on MAMV67? 
•  immobilization on MAMV67 subjected or not to partial hydrolysis 
•  assay of free amino groups in immobilized protein 
•  ELISA with native or immobilized protein 
Best conditions: immobilization on partialy hydrolyzed MAMV67 
Allard et al., 2002, Biotechnology & Bioengineering, 80: 341-348. 
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